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Abstract: We study the potential to observe CP-violating effects in SUSY cascade
decay chains at the LHC. We consider squark and gluino production followed by
subsequent decays into neutralinos with a three-body leptonic decay in the final step.
Asymmetries composed by triple products of momenta of the final state particles are
sensitive to CP-violating effects. Due to large boosts these asymmetries can be
difficult to observe at a hadron collider. We show that using all available kinematic
information one can reconstruct the decay chains on an event-by-event basis even in
the case of 3-body decays, neutrinos and LSPs in the final state. We also discuss
the most important experimental effects like major backgrounds and momentum
smearing due to finite detector resolution. We show that with 300 fb−1 of collected
data, CP violation may be discovered at the LHC for a wide range of the phase of
the bino mass parameter M1.
Keywords: Supersymmetry Phenomenology.
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1. Introduction
Supersymmetry (SUSY) [1, 2, 3] is one of the best motivated extensions to the
Standard Model (SM). According to the latest fits [4, 5, 6] to the precision observables
a rather light scale is indicated and is in reach of the Large Hadron Collider (LHC).
If SUSY happens to be realised in nature, the task will be to pin down the specific
characteristics of the underlying model which will require many detailed studies. One
of the interesting issues in this context is CP violation. While the observed amount
of CP violation in theK and B sectors can be accommodated within the SM, another
piece of evidence, the baryon asymmetry of the universe, requires a new source of
CP violation [7, 8, 9].
The Minimal Supersymmetric Standard Model (MSSM) [10, 11, 12] has about
one hundred free parameters and a large number of these may have non-zero CP-
violating phases, see e.g. [13]. Many of the phases are unphysical in the sense that
they can be rotated away by a redefinition of the fields but not all can be sys-
tematically removed in this way. For example in the sectors of the charginos and
neutralinos, the supersymmetric partners of Higgs bosons and SU(2) × U(1) gauge
bosons, we can have up to three new phases. These include the phases of the U(1)
gaugino mass parameter M1, SU(2) gaugino mass parameter M2 and the Higgsino
mass parameter µ. One of them can be rotated away and therefore we choose the
convention where M2 is kept real. Hence we have
M1 = |M1|eiφ1 , µ = |µ|eiφµ . (1.1)
The other possible sources of complex parameters in the MSSM Lagrangian are
trilinear couplings Af but they are not relevant to this study [14].
Certain combinations of the CP-violating phases are constrained by the experi-
mental upper bounds on various electric dipole moments (EDMs), see e.g. [15]. Ig-
noring possible cancellations, the most severely constrained phase is that of µ which
contributes to the EDMs at the one-loop level and has a tanβ enhancement. In gen-
eral for O(100) GeV masses, |φµ| . 0.01π and we therefore set φµ = 0 throughout
our study. The phase of M1 has weaker constraints. Large phases can be accom-
modated in models with heavy first and second generation squarks and sleptons
(>TeV) or if accidental cancellations occur [16, 17, 18, 19, 20, 21]. Here we study
the complete range of CP phases in order to see the general dependencies exhibited
by our observables and the luminosity required to observe these within the LHC
environment. Nevertheless, we want to stress that in the chosen scenario experimen-
tal bounds from EDMs can be evaded by arranging cancellations between various
supersymmetric contributions for any value of φ1 [22, 23, 15].
CP-odd observables are the unambiguous way of discovering hints of complex
parameters in the model. One class of these observables include rate asymmetries of
cross sections, branching ratios and angular distributions. The other possibility are
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the observables that can be defined using triple products of momenta and/or spins
of particles, see [24, 25, 26] for a recent review. In any case studies of CP-violating
phases will be challenging at the LHC [27, 14, 28] and a precise determination of
them is expected to be only possible at a future e+e− linear collider.
An interesting example of using triple product correlations is studying the 3-
body decay of a neutralino χ˜02 [29, 30, 31, 32]. Since the asymmetry is maximal in
the rest frame of the decaying neutralino, the central idea of [29, 30] was the full kine-
matic reconstruction of the production and decay process. Hence the CP-sensitive
observables are calculated [29, 30] in the rest frame of the decaying neutralino at an
e+e− collider. This can be done due to the clean experimental environment and the
well-known initial state at such a machine. As this is not the case at the LHC, these
observables are much more challenging due to the proton structure and further ex-
perimental uncertainties, hence making the observation of CP-violating effects very
difficult. However, in the present analysis we show how a similar approach can be
applicable at hadron colliders. By applying full event reconstruction, the observation
of CP-odd asymmetries becomes feasible.
In many scenarios the highest cross section at the LHC is predicted for the
associated production of gluinos and squarks of the first two generations. If squarks
can decay to a neutralino χ˜02 in the process
q˜i → χ˜02 + q (1.2)
one can expect an abundance of neutralinos. Large statistics will help to overcome
the limitations of a similar analysis of the stop carried out in [14]. The production
of the neutralino χ˜02 is followed by the subsequent three-body decay
χ˜02 → χ˜01ℓ+ℓ−. (1.3)
The 3-body decay is discussed since sizeable contributions to CP violation are ex-
pected from interference diagrams and it offers the opportunity to use CP-sensitive
observables based on triple product correlations. The process is sensitive to any
phase that enters the neutralino sector (φ1 and φµ), but we set φµ to zero as dis-
cussed above and concentrate on the effect of φ1. To extract information about the
phase of M1 we analyse the following triple product of momenta from the decay
products of the q˜i,
T = ~pq · (~pℓ+ × ~pℓ−). (1.4)
It originates from the covariant product present in the amplitude and can be ex-
panded in terms of explicit momenta,
ǫµνρσp
µ
ap
ν
bp
ρ
cp
σ
d −→ Ea −→pb · (−→pc ×−→pd)± . . . (1.5)
When CP phases appear a non-zero asymmetry can be constructed from final state
momenta using the triple product in Eq. (1.4) as explained below.
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The triple product T changes sign under the na¨ıve1 time reversal TN and con-
sequently it is a TN -odd observable. Neglecting possible absorptive phases due to
loops, Breit-Wigner propagators and final state interactions, that are expected to be
small in the leptonic neutralino decay, CPTN invariance is equivalent to CPT invari-
ance [33] and hence a measurement of a TN -odd observable implies CP violation. In
addition as these are CP-odd quantities any measurement of the phase made by this
method not only reveals the magnitude of the phase but also the sign. It is important
to note that the triple product correlations are a tree-level effect and therefore large
asymmetries can be expected [32, 34, 35, 36].
To be able to successfully observe CP violation we need to isolate squarks from
antisquarks as the CP-conjugated process will have an asymmetry of the opposite
sign. Normally this is done via charge identification but this will be impossible using
the above decay chain with the light quark in the final state. However, for the first
two generations, squark production typically dominates over anti-squark production
due to the valence quarks present in the proton. Consequently our sample will have
a majority of squarks (around 80% in the analysed scenario) and the asymmetry will
not be washed out. The proportion depends on the masses of squarks but this does
not affect our analysis significantly.
One of the major problems when trying to measure CP-sensitive observables
with triple product correlations at the LHC are the large undetermined boosts given
to produced particles. CP asymmetries have the largest value in the rest frame
of the intermediate particle and the effect of the boost produces a severe dilution
factor. To remove this dilution factor we have to boost all the particles in the triple
product (q, ℓ+, ℓ−) into the rest frame of the intermediate particle in the decay (χ˜02
in our case). In SUSY decay chains this is complicated due to the presence of two
LSPs and possible neutrinos that escape detection. Once the missing momenta are
reconstructed it is then trivial to find the momentum of the particle that we are
interested in and boost back into its rest frame. In principle this should return the
CP asymmetry to the magnitude one would expect if the initial particle was produced
at rest.
So far in the literature the momentum reconstruction was used to determine
the unknown masses of SUSY particles in the case when the decay chain proceeded
via two-body decays [37, 38, 39, 40]. In this analysis we change the approach and
assume that the masses are already known with a reasonable precision from other
measurements at the LHC. The new complications are three-body decays of super-
symmetric particles (charginos and neutralinos) and possible missing neutrinos which
means that we have less on-shell constraints. However, as we show in this paper,
even in such a case momentum reconstruction is still possible after the inclusion of
1Na¨ıve time reversal TN reverses the momenta and spins of all particles without interchanging
the initial and final states, see e.g. [33]. Recall that under the true time reversal also the initial and
final states are interchanged.
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experimental uncertainties. Having all the momenta reconstructed one can perform
a more detailed analysis of particle properties which could open a window for a more
accurate determination of the underlying model at the LHC.
Finally, in order to assess the feasibility of completing this study in the demand-
ing experimental environment of the LHC we perform a simulation of our process
using the Monte Carlo event generator Herwig++ [41, 42]. We apply simple selection
cuts and smear final state particle momenta to account for finite detector resolution.
Moreover, we make an analysis of the impact of the most important background pro-
cesses relevant for our study. All of the analysis was done assuming a centre-of-mass
energy of 14 TeV but it would not change markedly if we moved to 10 TeV except
for an increase in the luminosity we require to see a statistically significant result.
The paper is organised as follows. We begin by describing the process under
consideration in Section 2 and discuss the triple product correlations in more detail.
In Section 3 we present the method we use to reconstruct the momenta of the invisible
particles in our decay chain. Section 4 discusses the potential for a measurement at
the LHC both with and without the momentum reconstruction technique. Possible
experimental factors that need to be considered and our final results are explained
in Section 5. Finally, the Appendices list the Lagrangian, resulting couplings and
give explicit matrix elements including the full spin correlations that are required in
our study.
2. Formalism
2.1 The process studied and the amplitude squared
One of the dominant SUSY channels at the LHC is associated squark-gluino produc-
tion. At the tree level the production process Eq. (2.1) proceeds via the light quark
exchange in the direct channel and squark/gluino exchange in the t channel, as seen
in Fig. 1,
gq → g˜q˜L. (2.1)
We study the case where the squark subsequently decays via the following chain:
q˜L → χ˜0j + q → χ˜01ℓ+ℓ− + q. (2.2)
The first step in the cascade decay chain is the two-body process q˜L → qχ˜02. Here,
CP-violating couplings of the χ˜02 enter and are dominated by the phase φ1, see Ap-
pendix B.1. In addition, the spin vector of the χ˜02 has to be explicitly included in
the amplitude since the full spin correlations have to be taken into account.
We consider spectra where the second step in the cascade decay chain is the
three-body decay of the neutralino, χ˜02 → χ˜01ℓ+ℓ− (cf. Appendix B.2). The neutralino
decay occurs via Z0 exchange in the direct channel and via slepton ℓ˜L,R exchanges
in the t and u channels, as can be seen in Fig. 2. It is sensitive to CP-violating
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Figure 1: Feynman diagrams for the associated production process of squarks and gluinos
at the LHC, gq → g˜q˜L.
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Figure 2: Feynman diagrams for the three-body leptonic neutralino decay χ˜02 → χ˜01ℓ+ℓ−.
supersymmetric couplings and its structure has been studied in detail in [31, 32, 43],
cf. Appendix A. The phase φ1 affects the masses of χ˜
0
1 and χ˜
0
2, as well as its couplings
and decay rates.
Using the narrow width approximation and the formalism of [44], the squared
amplitude |T |2 of the full process can be factorised into the processes of production
pp → g˜q˜L and the subsequent decays q˜L → qχ˜02, χ˜02 → χ˜01ℓ+ℓ− taking into account
the full spin information of the decaying χ˜02. For the purpose of analysing neutralino
decays we do not need to include decays of the gluino produced with a squark but
they will be needed later for momentum reconstruction, see Sec. 3. We apply the
narrow-width approximation for the masses of the intermediate particles, q˜L and χ˜
0
2,
which is appropriate since the widths of the respective particles are in all cases much
smaller than their masses and the mass differences between them are large enough,
see Appendix C. The squared amplitude can then be expressed in the form
|T |2 = 4|∆(q˜L)|2|∆(χ˜02)|2P (g˜q˜L)
{
P (χ˜02)D(χ˜
0
2) +
3∑
a=1
ΣaP (χ˜
0
2)Σ
a
D(χ˜
0
2)
}
, (2.3)
where a = 1, 2, 3 refers to the polarisation states of the neutralino χ˜02, which are
described by the polarisation vectors sa(χ˜02), given in Appendix B.1. In addition,
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• ∆(q˜L) and ∆(χ˜02) are the propagators of the intermediate particles which lead to
the factors Eq˜L/mq˜LΓq˜L and Eχ˜02/mχ˜02Γχ˜02 in the narrow-width approximation,
• P (g˜q˜L), P (χ˜02) and D(χ˜02) are the terms in the production and decay that are
independent of the polarisations of the decaying neutralino, whereas
• ΣaP (χ˜02) and ΣaD(χ˜02) are the terms containing the correlations between produc-
tion and decay spin of the χ˜02.
According to our choice of the polarisation vectors sa(χ˜02), see Eq. (B.4) in Ap-
pendix B.1, Σ3P/P (χ˜
0
2) is the longitudinal polarisation, Σ
1
P/P (χ˜
0
2) is the transverse
polarisation in the production plane, and Σ2P/P (χ˜
0
2) is the polarisation perpendicular
to the reference plane of the neutralino χ˜02.
2.2 Structure of the T-odd asymmetry
The tools used in this paper to study CP-violating effects are T-odd observables that
are based on triple products of the momenta of the involved particles. Here we study
the visible decay products of the q˜L in the form of the following triple product that
can be evaluated in different reference frames:
T = ~pq · (~pℓ+ × ~pℓ−). (2.4)
The T-odd asymmetry is then defined as,
AT = NT+ −NT−
NT+ +NT−
=
∫
sign{T }|T |2d lips∫ |T |2d lips
=
∫
sign{T }
(∑3
a=1Σ
a
P (χ˜
0
2)Σ
a
D(χ˜
0
2)
)
d lips∫ (
P (χ˜02)D(χ˜
0
2)
)
d lips
, (2.5)
where NT+ (NT−) are the numbers of events for which T is positive (negative)
and d lips denotes Lorentz invariant phase space. The denominator in Eq. (2.5),∫ |T |2d lips, is equal to the total cross section, namely σ(pp → q˜Lg˜ → qχ˜01ℓ+ℓ−g˜).
In the corresponding numerator of Eq. (2.5), the triple-product correlations only
enter via the spin-dependent terms. If the spin of the particles is neglected in the
calculation the asymmetry will vanish.
The asymmetry AT can be visualised as the difference between the number of
events where the observed ~pq (from the decaying q˜L) lies above (NT+) or below (NT−)
the plane spanned by (~pℓ+, ~pℓ−), normalised by the total number of these events. If
no complex phases are present, the ~pq will on average line up with the plane and no
asymmetry will be seen. The asymmetry is not a Lorentz invariant quantity but it
is maximal in the rest frame of the χ˜02. At the LHC the momentum of the χ˜
0
2 will
in general be undetermined. The asymmetry can still be formed in the laboratory
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frame but it will be significantly diluted compared to the χ˜02 rest frame due to the
initial particle boost that is parametrised by the parton density functions (PDFs).
The dilution is due to the fact that the relative orientation of the plane spanned by
~pℓ+ , ~pℓ− and the quark momentum can change when boosting from the neutralino
rest frame to the laboratory frame. Hence, the quark that was initially above the
plane can instead be observed to come from below the plane in the laboratory frame.
A possible solution to bypass the effects of the dilution would be to reconstruct the
momentum of the χ˜01 and use it to find the momentum of the χ˜
0
2. We will discuss
this method in Sec. 3.
In order to identify the T-odd contributions, we have to identify those terms in
|T |2, Eq. (2.3), which contain a triple product of the form shown in Eq. (2.4). Triple
products follow from expressions iǫµνρσa
µbνcρdσ, where a, b, c, d are 4-momenta or
spins of the particles involved, which are non-zero only when the momenta are linearly
independent. The expressions iǫµνρσa
µbνcρdσ are imaginary and when multiplied by
the imaginary parts of the respective couplings they yield terms that contribute to
the numerator of AT , Eq. (2.5). In our process, T-odd terms with ǫ-tensors are only
contained in the spin-dependent contributions in the neutralino decay, ΣaD(χ˜
0
j ).
Examining the covariant product, ǫµνρσa
µbνcρdσ, we can understand why the
maximal asymmetry is seen in the rest frame of the χ˜02. If we expand the product
in terms of the explicit momenta, Eq. (1.5), we see that in general we have triple
products formed from all different combinations of the momenta of the four different
particles in the covariant product:
ǫµνρσp
µ
ap
ν
bp
ρ
cp
σ
d = Ea
−→pb · (−→pc ×−→pd) + Ec −→pd · (−→pa ×−→pb ) (2.6)
−Eb −→pc · (−→pd ×−→pa)−Ed −→pa · (−→pb ×−→pc ).
As we evaluate only one triple product we miss the other combinations and the
asymmetry is not maximal. However, if we are in the rest frame of the χ˜02, the
momentum components of the four vector vanish and we are now only left with the
single triple product that we are interested in:
ǫµνρσp
µ
ap
ν
bp
ρ
cp
σ
d −→ ma −→pb · (−→pc ×−→pd). (2.7)
Let us finally comment on the origin of the asymmetry, Eq. (2.5). Neutralinos
in the process we study are polarised due to the nature of the electroweak coupling
between the fermion, sfermion and neutralino, see also [29]. Therefore the momentum
of the outgoing fermion is aligned with the spin of the neutralino χ˜02. The actual
asymmetry arises solely in the neutralino χ˜02 decay as a result of the correlation
between the neutralino spin and the momenta of outgoing leptons, consequently it
requires us to take into account all spin correlations in the decay chain.
– 8 –
T = −→p q · (−→p ℓ+ ×−→p ℓ−)
|~pq˜| [GeV]
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Figure 3: The parton level asymmetry AT , Eq. (2.5), for the single decay chain given
in Eq. (2.2) as a function of the squark momentum, |~pq˜|, in the laboratory frame. The
scenario is given in Table 1 with the phase φ1 = 3π/2.
3. Momentum reconstruction
3.1 Dilution effects
The triple product that is constructed from momenta in the laboratory frame suffers
from dilution factors at the LHC due to the frame being boosted with respect to the
rest frame of the χ˜02, for a more detailed discussion see [14]. It results in a considerable
reduction in the maximum asymmetry observable when we introduce the PDFs which
causes an undetermined boost to the system. To illustrate the dilution, Fig. 3 shows
how the parton level asymmetry AT , Eq. (2.5), is diluted in the laboratory frame
when we produce the q˜ with varying initial momenta. As the χ˜02 is produced in the
squark decay any boost is transferred. The plot was produced with an analytical
calculation for the single decay chain given in Eq. (2.2). The scenario displayed in
Tab. 1 was used but with the phase set to φ1 = 3π/2.
We see that the asymmetry is maximal, AT ∼ 14%, when the q˜ is at rest but
drops to, AT ∼ 2.5%, when |~pq˜| ∼ 1 TeV. The magnitude of the dilution clearly
depends on the chosen scenario and in particular on the masses of the particles
involved in the process. If it were possible to reconstruct the momentum of the χ˜02,
we could however perform a Lorentz transformation of all the momenta and bypass
the dilution factor, potentially recovering the full asymmetry.
3.2 Reconstruction procedure
In the mSUGRA scenario that we have chosen to study in this paper (see Section 4.1)
the full reconstruction of the event is made possible by considering the decay chains of
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νℓ
ℓ−a
ℓ+a
χ˜01a
p
p g˜
q˜L
q
χ˜02
t
t˜1
χ˜+1
b
χ˜01b
ℓ+b
Figure 4: The process studied for mo-
mentum reconstruction.
both the particles produced in the hard collision. We include all the particles coming
from both the q˜L and the g˜ because there are not enough kinematic constraints to
perform reconstruction if only the q˜ chain is considered. Therefore we exclusively
consider the production of q˜L and g˜ and their subsequent decays, see Fig. 4. The
q˜L decay chain will be the same as considered in Eq. (2.2) and the g˜ will decay as
follows:
g˜ → t˜ + t→ χ˜+1 + b+ t→ χ˜01ℓ+νℓ + b+ t. (3.1)
In many scenarios the production of q˜L along with g˜ is the dominant source of the
first and second generation squarks at the LHC and in the considered scenarios the
branching ratios for the decay chain are favourable (cf. Sec 4).
Assuming that all the masses in the decay chains are known, Sec. 4.1, the kine-
matics can be fully reconstructed using the set of invariant conditions and the mea-
sured missing transverse momentum. For our procedure we follow the methods for
solving the kinematic equations very closely to those presented in [45, 46]. The nov-
elty here is the inclusion of three-body decays of sparticles and allowing for additional
missing momentum due to neutrinos in the final state. The difference lies also in
using the mass constraints. For our purpose we assume that masses of sparticles are
known and aim at the reconstruction of the momenta, whereas the previous studies
used the above conditions to reconstruct masses.
Rather than fully reconstructing the kinematics of both decay chains, an alter-
native idea may be to estimate the momentum of the χ˜02 and then boost into this
approximate frame. A formula that estimates the momentum was presented in [47]
and is shown below,
~p approx
χ˜02
≡
(
1 +
mχ˜01
Mℓℓ
)
~pℓℓ. (3.2)
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This approach does not work in our study however as the approximation only becomes
valid when ~pχ˜01 → 0 in the rest frame of the χ˜02. At this kinematical endpoint the two
leptons are back to back which causes the plane spanned by ~pl+ and ~pl− to become
badly defined. The triple product is therefore small and inaccurate leading to an
asymmetry that is close to zero. Therefore the approach is not valid in our case.
In our process the following invariant equations can be formed.
• q˜ decay chain:
m2χ˜01
= (Pχ˜01a)
2, (3.3)
m2χ˜02
= (Pχ˜01a + Pℓ+a + Pℓ−a )
2, (3.4)
m2q˜ = (Pχ˜02 + Pq)
2. (3.5)
• g˜ decay chain:
m2
χ˜+1
= (Pχ˜0
1b
+ Pνℓ + Pℓ+
b
)2 , (3.6)
m2t˜ = (Pχ˜+1 + Pb)
2, (3.7)
m2g˜ = (Pt˜ + Pt)
2, (3.8)
where P denote 4-momenta of respective particles, and where necessary we
label particles coming from squark and gluino decays with subscripts a and b,
respectively.
• We also have the missing transverse momentum constraint:
−→p Tmiss = −→p Tχ˜01a +−→p
T
χ˜0
1b
+−→p Tνℓ . (3.9)
• We combine the momenta of χ˜01b and νℓ coming from the gluino together as it
is impossible to resolve these two particles:
Pg˜ME = Pχ˜0
1b
+ Pνℓ . (3.10)
• An additional condition on the solutions is that the invariant P 2g˜ME has to be
greater than the mass of the LSP, m2
χ˜01
:
P 2g˜ME > m
2
χ˜01
. (3.11)
We apply this condition to each solution and discard as unphysical any that
does not meet it.
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After expressing the momenta of intermediate particles in terms of the final state
particles
Pχ˜02 = Pχ˜01a + Pl+a + Pl−a , (3.12)
Pχ˜+1 = Pg˜ME + Pℓ
+
b
, (3.13)
Pt˜ = Pb + Pχ˜01b + Pℓ+b
+ Pνℓ , (3.14)
we now have a total of eight equations, Eq. (3.3) - (3.9), and eight unknowns:(
Eχ˜01a , pχ˜01a(x), pχ˜01a(y), pχ˜01a(z)
)
, (3.15)(
Eg˜ME, pg˜ME(x), pg˜ME(y), pg˜ME(z)
)
. (3.16)
In principle the system can be solved to find Pχ˜01 and Pg˜ME. Equations Eq. (3.3)
and Eq. (3.6) are quadratic in Pχ˜01 and Pg˜ME respectively, so we consider these last.
Using on-shell conditions, quadratic terms in the remaining equations can be removed
giving 6 linear equations, therefore we can simply use a matrix to give us solutions
in terms of the energies Eχ˜01 and Eg˜ME . We first expand
−→p χ˜01 and −→p g˜ME in terms of
other momenta contained in the respective decay chains:
−→p χ˜01a = A−→p ℓ+a +B−→p ℓ−a + C−→p q , (3.17)−→p g˜ME = D−→p ℓ+
b
+ E−→p b + F−→p t . (3.18)
We can now form the system of 6 linear equations for unknowns A-F with Eχ˜01a and
Eg˜ME as free parameters
M


A
B
C
D
E
F


=


1
2
(m2
χ˜01
−m2
χ˜02
) + Pℓ+a · Pℓ−a + Eχ˜01a(Eℓ+a + Eℓ−a )
1
2
(m2
χ˜02
−m2q˜) + Pℓ+a · Pq + Pℓ−a · Pq + Eχ˜01aEq
1
2
(m2b +m
2
χ˜+1
−m2
t˜
) + Pℓ+
b
· Pb + Eg˜MEEb
1
2
(m2
t˜
+m2t −m2g˜) + Pℓ+
b
· Pt + Pb · Pt + Eg˜MEEt
pTmiss(x)
pTmiss(y)


, (3.19)
where
M =


(−→p ℓ+a +−→p ℓ−a )−→p ℓ+a (−→p ℓ+a +−→p ℓ−a )−→p ℓ−a (−→p ℓ+a +−→p ℓ−a )−→p q 0 0 0−→p ℓ+a−→p q −→p ℓ−a−→p q −→p q−→p q 0 0 0
0 0 0 −→p b−→p ℓ+
b
−→p b−→p b −→p b−→p t
0 0 0 −→p t−→p ℓ+
b
−→p b−→p t −→p t−→p t
pℓ+a (x) pℓ−a (x) pq(x) pℓ+b
(x) pb(x) pt(x)
pℓ+a (y) pℓ−a (y) pq(y) pℓ+b
(y) pb(y) pt(y)


(3.20)
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The matrixM can then be diagonalised to give solutions for each of the momentum
components of −→p χ˜01 and −→p g˜ME in terms of Eχ˜01a and Eg˜ME . These solutions are
substituted into the two quadratic equations, Eq. (3.3) and Eq. (3.6), to produce
two equations of the form:
a11E
2
χ˜01a
+ a12Eχ˜01aEg˜ME + a22E
2
g˜ME + a1Eχ˜01a + a2Eg˜ME + a ≡ FA = 0 , (3.21)
b11E
2
χ˜01a
+ b12Eχ˜01aEg˜ME + b22E
2
g˜ME + b1Eχ˜01a + b2Eg˜ME + b ≡ FB = 0 , (3.22)
where the coefficients aij , ai, a and bij , bi, b are functions only of masses and measured
momenta. We use,
FA − a11
b11
× FB = 0 (3.23)
to produce the linear equation for Eχ˜01a ,
Eχ˜01a =
a11b− a b11 − a2b11Eg˜ME + a11b2Eg˜ME − a22b11E2g˜ME + a11b22E2g˜ME
−a11b1 + a1b11 + a12b11Eg˜ME − a11b12Eg˜ME . (3.24)
This result can then be substituted into Eq. (3.21) to obtain a quartic equation of
the following form:
Q4E
4
g˜ME +Q3E
3
g˜ME +Q2E
2
g˜ME +Q1Eg˜ME +Q0 = 0 , (3.25)
where the various Q’s are functions of the a’s and b’s in Eqs. (3.21) and (3.22).
3.3 Discussion of graphical solutions
Analysing the roots of the quartic equations, Eq. (3.25), we select the solutions
that are real and discard the solutions that contain imaginary parts. The selected
roots are substituted into Eq. (3.24) to find the corresponding solutions for Eχ˜01a .
Using the values of Eg˜ME and Eχ˜01a together with the diagonalised matrix we can
now calculate A,B,C,D,E, F , see Eqs. (3.17),(3.18) and hence the components of
−→p g˜ME and −→p χ˜01a .
In general, taking into account multiple roots, Eq. (3.25) has 4 solutions. Thus
we would have 4 real, 2 real and 1 complex pair or 2 complex pairs of roots. Only the
real roots can yield physical solutions, therefore for each event we normally expect
real solutions. As Eq. (3.25) is derived from Eqs. (3.21) and (3.22) they share the
same set of solutions. Both Equations (3.21) and (3.22) are polynomials of degree 2
in Eχ˜01a and Eg˜ME so they correspond to degree 2 curves in the Eχ˜01a and Eg˜ME plane
(ellipses, hyperbolas or parabolas). The intersection points solve simultaneously both
equations and at the same time the quartic Equation (3.25). A graphical solution
to this set of equations is shown in Fig. 5 for one sample event. In this example we
have two real solutions, of which only one corresponds to the actual momenta in the
event.
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Figure 5: Ellipses in the Eχ˜01a and Eg˜ME plane corresponding to Equations (3.21) (solid
line) and (3.22) (dashed line) for one sample event. Out of the two real solutions the lower
right one gives the correct momenta of the original event.
In the realistic physical case one has to include uncertainties on measured mo-
menta and masses. This will of course affect above equations and solutions. Smearing
of momenta will typically result in shifting of the curves shown in Fig. 5. Therefore
it is possible that one can get two additional solutions or no real solutions at all. The
consequences of experimental effects on our analysis will be discussed in Sec. 5.2.
3.4 Practical approach
In general more than one solution to the above system will remain depending upon
the resolvent. In some cases Eq. (3.11) reduces the number of solutions further. For
the application of this study we therefore calculate the triple product, Eq. (2.4), for
each individual solution. If all solutions produce the same sign triple product we keep
the event and use it in our asymmetry. If any of the solutions disagrees on the sign
of the triple product we will discard the whole event and it will not contribute. This
method has the disadvantage that we lose events and therefore statistical significance.
However, we note that it does not introduce any bias, i.e. it can be checked that the
asymmetry for accepted events remains the same. An alternative method we propose
is to weight each solution with matrix element and phase space factors to select the
solutions with the highest probability of being correct. A possible advantage of this
method is that no events will be lost and this idea is followed up in [48].
An additional issue when trying to complete the momentum reconstruction pro-
cedure are combinatorial problems when trying to assign the measured momenta to
the correct particle in the given event. If we take the leptons as an example, we
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know that opposite sign, same flavour leptons must come from the χ˜02. However, it
is possible that a same flavour lepton could be produced from the χ˜+1 in the opposite
decay chain and be confused with those coming from the χ˜02. In order to assign the
leptons correctly to the decay chains one can use the conditions for invariant masses.
In the squark decay chain a useful observable is the invariant mass of two leptons
and in the gluino decay chain one can use the invariant mass of the b-jet from the
stop decay and the lepton from chargino decay. The end points of these distributions
are given by
Mℓ+a ℓ−a < mχ˜02 −mχ˜01 , (3.26)
Mbℓ+
b
<
√√√√(m2t˜1 −m2χ˜+1 −m2b)(m2χ˜02 −m2χ˜01)
mχ˜+1 mχ˜
0
2
. (3.27)
It turns out that only a small fraction of the events, around 5% in our scenario, sat-
isfies both conditions simultaneously for the two possible assignments of the leptons
in question. Moreover, if we run the momentum reconstruction algorithm, we find
that physically acceptable solutions are only found in roughly 10% of events where
a wrong assignment has occurred. These conditions act as a strong discriminant,
therefore we do not expect lepton combinatorics to be a relevant issue for this study.
Another possible approach to this problem would be the subtraction of the
opposite-sign opposite-flavour (OSOF) lepton pairs. In that case the quantities NT+
and NT
−
in Eq. (2.5) would be defined as
NT+ = [Ne+e− +Nµ+µ− −Ne+µ− −Ne−µ+ ]T+ , (3.28)
NT
−
= [Ne+e− +Nµ+µ− −Ne+µ− −Ne−µ+ ]T
−
. (3.29)
In Eqs.(3.28) and (3.29) one adds the number of events with a positive (negative)
triple product using e+e− pairs (and the jet) to the number of events with a positive
(negative) triple product using µ+µ− pairs and subtract the number of events with
positive triple product using e+µ− and e−µ+ pairs. For the combinatorial background
one gets equal rates for same flavour and opposite flavour lepton pairs since the
leptons are uncorrelated. Hence, this “flavour subtraction” procedure removes (up
to statistical fluctuations) all combinatorial background resulting from the lepton
pairing problem and also all background coming from χ˜02 → χ˜01τ+τ−.
4. Numerical results
4.1 Chosen scenario: spectrum and decay modes
In order to study the experimental prospects of measuring CP-violating effects at
the LHC we use an MSSM scenario derived from mSUGRA parameters defined at
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Parameter Value Particle Mass [GeV] Particle Mass [GeV]
m0 150 GeV g˜ 496.5 χ˜
0
1 78.1
m1/2 200 GeV d˜L 484.1 χ˜
0
2 148.4
A0 -650 GeV d˜R 466.4 χ˜
±
1 148.2
tanβ 10 u˜L 477.9 χ˜
±
2 436.0
sign µ + u˜R 465.9 e˜L 207.5
|M1| 80.5 GeV b˜1 397.2 e˜R 173.1
M2 153.3 GeV b˜2 462.6 ν˜e 192.0
M3 484.6 GeV t˜1 171.0 τ˜1 149.4
µ 419.0 GeV t˜2 498.0 τ˜2 212.5
ν˜τ 187.2
Table 1: mSUGRA input parameters at the GUT scale, MSSM parameters and particle
masses in GeV from SPheno 2.2.3 [49] for φ1 = 0 and with mt = 171 GeV.
the GUT scale, as shown in Tab. 1. This scenario has been already used to analyse
the properties of the neutralino sector in [31]. The values of the parameters at the
electroweak scale have been derived using the RGE code SPheno [49]. Masses of
the coloured particles are of order 500 GeV, apart from the light stop t˜1, which
has a mass of 171.0 GeV. The lightest supersymmetric particle (LSP) is the lightest
neutralino with a mass of 78.1 GeV. The second neutralino and the light chargino
have masses around 150 GeV, whereas the sleptons are around 200 GeV. Therefore
we note that the two-body decay channels of χ˜02 and χ˜
±
1 are closed and this gives
a good opportunity to study CP-violation effects in their three-body decay modes.
Details of the mass spectrum can be found in Tab. 1. The values of the gaugino mass
parameters reproduce the given spectrum in the case when all the CP phases are set
to 0. In order to generate CP-violating effects in the following we will attribute a
non-zero phase φ1 to the bino mass parameter,
M1 = |M1|eiφ1 , 0 ≤ φ1 < 2π , (4.1)
while keeping the absolute value |M1| fixed as given in Tab. 1.
Although we chose a specific scenario our method is applicable in a wider range of
parameter points. For the decay chain that we concentrate on, we require the three-
body decay of the χ˜02 which places the following constraints on the SUSY masses,
mχ˜02 < mℓ˜ , (4.2)
mχ˜02 −mχ˜01 < mZ . (4.3)
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Equation (4.2) ensures that the decay, χ˜02 → ℓ˜ℓ cannot occur whereas Eq. (4.3)
forbids the decay χ˜02 → Zχ˜01.
To complete momentum reconstruction from the gluino side, other decay modes
can contribute with regard to the scenario presented here but their impact on the
final result would be scenario dependent. For example if the decay t˜→ tχ˜02 became
kinematically open the momentum reconstruction would actually become easier as
there would be no neutrino in the final state and the system would become over-
constrained. However, there would now be one additional top and one additional
lepton in the final state that may cause new combinatorical difficulties.
As already mentioned, the highest production rate is typically obtained for
coloured final states containing squarks and gluinos at the LHC. In our scenario,
where their masses are not very heavy, the total cross section for production of
strongly interacting supersymmetric particles reaches 140 pb, see Tab. 2. For our
purpose we will be interested in the inclusive production of left squarks and the
associated production of left squark and gluino2. As was mentioned in Sec. 1, anti-
squarks give a CP asymmetry with exactly the opposite sign to squarks. We note
however that the inclusive cross section for left squark production is almost a factor
of 4 larger than the cross section for left anti-squark production. This is a direct
consequence of the fact that we have two protons in the initial state for which the
abundance of quarks is significantly higher than of anti-quarks. Since we cannot
distinguish experimentally squarks and anti-squarks of the first two generations this
fraction of anti-squarks will cause some dilution in the asymmetry that will be how-
ever compensated for by a very high production rate. A similar situation occurs for
associated squark gluino production for which the ratio of squarks to anti-squarks is
18.2 pb to 3.1 pb, see Tab. 2. Together with left squarks we also have the produc-
tion of right squarks at a comparable rate. However, since the latter decay almost
exclusively to the lightest neutralino in our scenario, as shown in Tab. 3, they do not
give rise to the CP-odd asymmetry.
Following the production process we include subsequent decays of squarks and
gluinos. The dominant decay mode of the gluino is to the light stop and the top with a
branching ratio of BR = 53.8%. The light stop then decays almost exclusively to χ˜±1 b.
Left squarks decay mainly to the light chargino and the second lightest neutralino
with branching fractions of 65% and 33% respectively. Finally we consider the decays
of chargino χ˜±1 and neutralino χ˜
0
2. Leptonic decays constitute in total BR = 61%
for the chargino and BR = 68% for the neutralino decay modes. For decays into
light leptons we have BR = 24.3% and BR = 9% for chargino and neutralino,
respectively. The most interesting are the neutralino decays to electrons and muons
2Triple product asymmetry in right squarks decay chain has the opposite sign as compared to the
left squarks (and the same sign as that of left anti-squarks), however in our case where the coupling
of the right squark to the second lightest neutralino is suppressed due to small bino component of
χ˜0
2
, this contribution remains negligible.
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Produced Particles Cross Section (pb)
At least one coloured SUSY particle. 148
At least one g˜. 58.8
q˜Lq˜L + q˜Lq˜
∗
L + q˜Lq˜R + q˜Lq˜
∗
R + q˜Lg˜ 30.0
q˜∗Lq˜L + q˜
∗
Lq˜
∗
L + q˜
∗
Lq˜R + q˜
∗
Lq˜
∗
R + q˜
∗
Lg˜ 8.3
q˜Lg˜ 18.2
q˜∗Lg˜ 3.1
t˜1t˜
∗
1 66.3
Table 2: Leading order cross sections at
√
s = 14TeV for direct production of various
particles from Herwig++ 2.3.2 [42, 41] using MRST 2004LO PDF set [50]. q˜ stands for
squarks of the first and second generation.
Decay BR Decay BR Decay BR
g˜ → t˜1t¯+ c.c. 53.8% q˜L → χ˜±1 q 65% t˜1 → χ˜+1 b 98.1%
g˜ → b˜1b¯+ c.c. 26.6% q˜L → χ˜02q 33% t˜1 → χ˜02c 1.6%
g˜ → q˜Rq¯ + c.c. 11.8% q˜L → χ˜01q 1.5% χ˜02 → χ˜01τ−τ+ 59.3%
g˜ → b˜2b¯+ c.c. 3.8% χ˜+1 → χ˜01ντ τ+ 37.2% χ˜02 → χ˜01νν¯ 23.6%
g˜ → q˜Lq¯ + c.c. 3.3% χ˜+1 → χ˜01quq¯d 38.5% χ˜02 → χ˜01qq¯ 8.1%
q˜R → χ˜01q 98% χ˜+1 → χ˜01νµµ+ 12.2% χ˜02 → χ˜01e+e− 4.5%
q˜R → χ˜02q 1% χ˜+1 → χ˜01νee+ 12.1% χ˜02 → χ˜01µ+µ− 4.5%
Table 3: Branching ratios for the scenario defined in Tab. 1 from SPheno 2.2.3 [49] for
φ1 = 0.
that are used to construct the CP-sensitive triple product, Eq. (2.4). The summary
of the relevant branching ratios can be found in Tab. 3. It may be noted that in
the scenario presented, the branching ratio χ˜02 → χ˜01τ+τ− is unusually high (59.3%).
This is due to the masses of the χ˜02 and τ˜ being very close and hence the kinematic
factors are favourable. The particular branching ratio is simply a coincidence in the
scenario chosen however and is not a required feature for our study.
When we vary the phase of the M1 parameter, the masses and couplings in
the neutralino sector are affected. First we note that the changes in the neutralino
masses are negligible and smaller than the possible experimental accuracy. It turns
out however, that the phase φ1 has large impact on neutralino couplings and therefore
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the pattern of its decay modes. The most significant change is for the light chargino
decays to the LSP and a fermion pair. With increasing phase the branching ratio
for χ˜+1 → χ˜01νττ+ rises and eventually reaches 70% for φ1 = π. At the same time
the branching ratios for decays to light leptons remain roughly at the level of 10%.
As we will explain later, a chargino decay to tau, followed by a leptonic tau decay
can be used for momentum reconstruction in the same way as a chargino decay to
an electron and a muon. On the other hand, the decay χ˜02 → χ˜01τ+τ− followed by
a leptonic tau decay will be a background, since it gives incorrectly reconstructed
momenta. Finally, we note that in the case of neutralino χ˜02 decays to light leptons,
the respective branching ratios increase up to 5.5% for φ1 = π/2.
Since our procedure requires the sparticle masses to be known, we wish to com-
ment on the possibility of the mass determination in our scenario. One of the stan-
dard approaches at the LHC is to study kinematic edges and endpoints of the invari-
ant mass distributions, see e.g. [51]. In our case the masses of g˜, q˜L, t˜1, χ˜
0
1,2 and χ˜
±
1
are required. The possible invariant mass observables would include:
• quark and leptons in the decay chain of q˜L followed by the squark decay to
chargino or neutralino χ˜02,
• lepton pair in the neutralino χ˜02 decay, cf. Eq. (3.26),
• top and bottom quarks in the gluino decay chain Eq. (3.1),
• bottom quark and lepton in the stop decay chain, cf. Eq. (3.27),
• quark pairs in the decay of gluino to the 1st and 2nd generation squarks [52].
Fitting the above invariant masses to experimentally measured edges and endpoints
should provide enough number of constraints to obtain required information. This
method can be perhaps supplemented by a mass reconstruction method, see for
example [37, 38, 39, 40, 46, 53, 54]. Therefore, in the following we assume that
the masses are known. The impact of the mass uncertainties will be discussed in
Section 5.2.
4.2 CP asymmetry at the parton level
We start by discussing the dependence of the asymmetry on φ1, Eq. (2.5), at the
partonic level studying only the decay chain presented in Eq. (2.2). In order to see
a maximal effect, we place the q˜L at rest and calculate the triple product and the
asymmetry in its distribution, Sec. 2.2.
We see from Fig. 6 that the asymmetry in this scenario is roughly 14% and this
occurs when the phase φ1 is just above π/2 and just below 3π/2. The asymmetry
is produced by a complex interplay between different couplings in the χ˜02 decay, cf.
Eqs. (B.24)-(B.26), and can vary significantly between scenarios. These couplings can
– 19 –
T = −→p q · (−→p ℓ+ ×−→p ℓ−)
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Figure 6: The parton level asymmetry AT , Eq. (2.5), for the single decay chain given in
Eq. (2.2) in the rest frame of q˜L as a function of φ1. The scenario is given in Tab 1.
all have different behaviour with respect to φ1 and in other scenarios the maximum
asymmetry can be seen far from π/2.
It should be noted from the previous plot that the asymmetry is obviously a
CP-odd quantity that in addition to a measurement of the phase, also determines
whether it lies above or below π, as seen in Fig. 6. In comparison, using CP-even
quantities, for example the mass, it is not possible to determine if the phase is above
or below π. It must also be noted that these quantities have a weak dependence upon
the phase and will be challenging to study. Moreover CP-even quantities alone do
not give unambiguous proof of CP violation in the model, that can only be provided
by CP-odd observables.
4.3 Influence of parton distribution functions on CP asymmetries
Experimentally the situation becomes significantly more complicated since in general,
particles are not produced at rest but can be heavily boosted in the laboratory frame.
Our observables can be significantly reduced in size by this effect as triple product
correlations induced by spin effects are largest in the rest frame of the decaying
particle. Essentially, a boosted frame can make the momentum vector of the quark
appear to come from the opposite side of the plane formed by ℓ+ and ℓ−. As explained
in Sec. 2.2 this causes a severe dilution in the asymmetry that is measured at the
LHC.
There are two other dilution factors that have to be taken into account and
give a further reduction in the observed asymmetry. The first one we consider is
the contamination from anti-squarks q˜∗L that will be produced at the LHC along
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with squarks q˜L. There is no way of identifying the charge of the decaying particle
and consequently we need to include the effect of the q˜∗L in our analysis. Anti-
squarks produce an asymmetry of the opposite sign to q˜L so if for example we had
equal numbers of each of them, no overall asymmetry could be seen. However, the
production cross section for q˜∗L is substantially lower than that of q˜L due to the valence
quarks in the proton, see Tab. 2 and at the LHC we would expect only roughly 20%
of the sample to be q˜∗L.
The other background contribution is that of neutralinos decaying to a tau pair,
χ˜02 → χ˜01τ+τ− followed by leptonic tau decays to the pair of opposite-sign same-
flavour leptons. Since the branching ratio for the above decay is large, even after
inclusion of leptonic tau decays there is a significant number of events faking our
signal, i.e.
BR(χ˜02 → χ˜01τ+τ− → χ˜01ℓ+ℓ−νℓν¯ℓντ ν¯τ ) ≈ 2× 0.6× 0.175× 0.175 = 3.7%. (4.4)
compared with
BR(χ˜02 → χ˜01ℓ+e,µℓ−e,µ) ≈ 2× 0.045 = 9%. (4.5)
As the asymmetry calculated for such leptons is diluted, this background introduces
a further dilution factor. However, this background can be easily removed using the
flavour subtraction technique described above, Eqs. (3.28) and (3.29). In addition
we will see later that much of this background is removed after the application of
simple selection cuts on the lepton energy and the invariant mass.
We use the MRST 2004LO [50] PDF set in our analysis of the asymmetry and
plot the integrated asymmetry AT as a function of φ1 in Fig. 7. We see that the
inclusion of the PDFs and the q˜∗L sample reduce the asymmetry by about a factor
of 8 in this scenario as compared to the result of Sec. 4.2. The maximum asymmetry
is now |AT | = 1.7%. It must be noted that the dilution factor does depend on
the scenario studied and changes in particular with the mass of the sparticle that is
initially produced.
For the calculation of the asymmetry we included the production channels shown
in rows 3 and 4 of Table 2 but we only take decays of individual q˜L and q˜
∗
L following
the decay chain in Eq. (2.2). At this point correct identification was assumed for the
final state particles and no hadronisation or detector effects were included but these
assumptions will be relaxed in Sec. 5. The only backgrounds in the study are those
discussed above.
Using the total production cross sections3 for q˜L and q˜
∗
L, and respective branching
ratios from Table 3 we can now estimate the integrated luminosity required to observe
3Note that the total rate of squark production is actually larger than 30.0 pb quoted in Table 2,
as some of the subprocesses give a pair of squarks e.g.(q˜Lq˜L) and both can contribute to our analysis.
The total number of squarks in the sample at the given luminosity L and √s = 14 TeV is therefore
33.2× L. In case of anti-squarks the number is 8.5× L.
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Figure 7: The parton level asymmetry AT , Eq. (2.5), in the laboratory frame with PDFs
included in the analysis using the scenario shown in Tab. 1. The coloured lines show the
size of the asymmetry needed for a 3σ observation at the given luminosity, L=(20 fb−1, 50
fb−1, 100 fb−1), assuming squarks were produced via the channels shown in rows 3 and 4
of Tab. 2. All produced q˜ and q˜∗ that follow the decay chain given in Eq. (2.2) are taken
into account.
the asymmetry at the LHC with a certain significance. We assume that NT+ (NT−),
the numbers of events where T is positive (negative) as in Eq. (2.5), are binomially
distributed, giving the following statistical error [55]:
∆(AT )stat = 2
√
ǫ(1− ǫ)/N , (4.6)
where ǫ = NT+/(NT+ +NT−) =
1
2
(1 +AT ), and N = NT+ +NT− is the total number
of events. This can be rearranged to give the required number of events for a de-
sired significance. The horizontal lines in Fig. 7 show an estimate of the amount of
luminosity required for a 3σ observation of a non-zero asymmetry. In other words,
an asymmetry can be seen at the 3σ level where the asymmetry curve in Fig. 7 lies
outside the luminosity band.
4.4 Impact of momentum reconstruction on the observable CP asymmetry
In order to increase the statistical significance of our CP asymmetry we investigate
the possibility of reconstructing the momenta of the invisible particles in our process.
In principle a perfect reconstruction would return the magnitude of the asymmetry
to that where the q˜L is at rest but in reality there are additional complications with
this procedure, see Sec. 3. The reconstruction is performed at the partonic level with
PDF’s included in the production process.
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Figure 8: The parton level asymmetry AT , Eq. (2.5), in the reconstructed q˜L rest frame.
The coloured lines show the size of the asymmetry needed for a 3σ observation at the given
luminosity, L=(20 fb−1, 50 fb−1, 100 fb−1) for the production channels q˜Lg˜, q˜∗Lg˜ Tab. 2.
The decay chains included are shown in Eq. (2.2) and Eq (3.1). As explained in the text
correct jet and lepton assignment is assumed.
Again our sample of events will contain q˜∗L which have an asymmetry of the op-
posite sign to that of q˜L as has already been discussed in Sec. 4.3. As we are looking
exclusively at q˜Lg˜ and q˜
∗
Lg˜ production however when applying the momentum recon-
struction, we actually have a smaller number of q˜∗L that dilute the asymmetry (15%,
see Table 2). After including this dilution factor we see our maximum asymmetry
reduced from AT ∼ 14% to AT ∼ 11%, see Figs. 6 and 8, respectively.
To calculate the luminosity we require to see a statistically significant effect at
the LHC we include the production cross sections for channels q˜Lg˜, q˜
∗
Lg˜ (Tab. 2) and
the branching ratios from both the q˜L and g˜ decay chains Eq. (2.2) and Eq. (3.1). No
hadronisation or detector effects were included in this section and correct identifica-
tion was assumed for the quarks. For the leptons the correct assignment is made as is
explained in Sec. 3.4. For the jets, a detailed experimental study would be required
to look at this question as we need to include hard radiation, reconstruction and
b-tagging efficiencies. However, a cursory examination suggests that the individual
jets may be resolvable. For example, the jet coming from the q˜L decay is the hardest
one for a high proportion of events. We would also require three other jets to have
the invariant mass mt. Finally we would then require at least one b-jet to be tagged.
We would like to state here that the only backgrounds included in the study are
those of q˜∗Lg˜ production and the decay chain Eq. (4.4).
After inclusion of all branching ratios the production rate for our process drops
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down to 200 fb (after hadronic top decay), which results in approximately 20 000
events at the integrated luminosity L = 100 fb−1. One extra point to note is that
we are able to use events where the χ˜±1 in the opposite decay chain produces a
τ±. Kinematically these events are similar to our normal signal events but we have
one extra neutrino ντ that will be invisible and simply contribute to our missing
transverse momenta. An additional factor that reduces the number of reconstructed
and accepted events are the multiple solutions, as discussed in Sec. 3. We only use
events when all solutions produce the same sign triple product and this allows us to
use approximately ∼ 60% of the events.
The horizontal lines in Fig. 8 again show an estimate of the amount of luminosity
required for a 3σ observation of a non-zero asymmetry. It can be seen that the
luminosity lines are not flat but actually give a narrower band as φ1 → π. This effect
is caused by the branching ratios, q˜L → qχ˜02, χ˜02 → χ˜01ℓ+ℓ− and χ˜+1 → χ˜01νℓℓ− altering
with the change in phase and producing more events. We see that after 20 fb−1 of
well understood LHC data it may be possible to start seeing a statistically significant
effect if large phases are present. It must be noted however that for this method to
be successful we will require mass measurements of the individual particles involved
in the decay chains. This will obviously require significant running time and may
even need the help of a precision linear collider. We will address this issue in more
detail in the next section.
5. Inclusion of experimental factors
To more realistically estimate if the study will be possible at the LHC some additional
experimental factors need to be included in the analysis. For this purpose we simulate
events using the Monte Carlo event generator Herwig++ 2.3.2, that has all the spin
correlations included as required in our analysis. These events will be used in the
following to perform momentum reconstruction and as a cross check for our analytic
calculations.
We start with the inclusion of the selection cuts that have to be used to resolve
leptons and jets and these are listed below:
ET (j1) ≥ 100 GeV , (5.1)
ET (j) ≥ 25 GeV , (5.2)
ET (ℓe,µ) ≥ 10 GeV , (5.3)
Mℓ+ℓ− ≥ 20 GeV , (5.4)
|η| ≤ 2.5 . (5.5)
Here ET (j1) is the transverse energy of the hardest jet, ET (j) is the transverse energy
of all other jets, ET (ℓe,µ) is the transverse energy of the leptons,Mℓ+ℓ− is the invariant
mass of the opposite-sign same flavour lepton pair, and η is the pseudorapidity of all
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the final state particles in the decay chain. Moreover we require at least two b-jets
and that 1 b-jet plus 2 other jets (typically with the lowest pT ) should reconstruct
the top quark. Since we need the top momentum to be reconstructed we only take
into account tops that decay hadronically.
One of the consequences of the application of the above cuts, especially Eq. (5.3)
and (5.4) is the significant reduction in the background originating from τ ’s, Eq. (4.4).
This is due to the rather low energy of the leptons coming from τ decays and the
even lower invariant mass of the resulting lepton pair, which is peaking around 0.
Already at this point, approximately 95% of this background is removed.
Another factor we include is the momenta of the resolved particles being smeared
due to the intrinsic experimental precision. The accuracy for both jets and electrons
follows the same function but with different coefficients [56]:
σE
E
=
√
a2j,e
E
+
b2j,e
E2
+ c2j,e , (5.6)
where
• for jets aj = 0.6 GeV 12 , bj = 1.5 GeV and cj = 0.03;
• for electrons the accuracy is better, with ae = 0.12 GeV 12 , be = 0.2 GeV and
ce = 0.01.
The resolution for muons has a different functional dependence,
σpT
pT
=
{
0.00008(pT/GeV − 100) + 0.03,
0.03,
pT > 100GeV,
pT < 100GeV.
(5.7)
In addition we also have a finite resolution on the measurement of missing transverse
energy,
σxMET
ET
=
σyMET
ET
=
0.57√
ET/GeV
, (5.8)
which are the errors on the x and y components of the MET vector and ET is the
scalar sum of all visible transverse energy .
The momenta smearing will only affect the observables when we perform momen-
tum reconstruction as the LSP momenta will be reconstructed with limited precision.
The triple product will not suffer however as the measurement only relies on the di-
rection of the measured particles and not on the energy measurement. The direction
can be found far more accurately and this error happens to be negligible for our
observables.
Finally, we also investigate the fact that the masses of the particles in the decay
chains we are interested in will only be known with a certain precision at the LHC (we
assume 10% error), see Section 4.1. This error will again only affect the observables
when we perform momentum reconstruction in order to boost into the rest frame of
the χ˜02 and can cause the frame to be mis-measured, see Section 5.2 for more details.
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Figure 9: The asymmetry AT , Eq. (2.5), in the laboratory frame for the decay chain
Eq. (2.2) after the cuts, Eqs. (5.1)-(5.5), have been applied. The coloured lines show the
size of the asymmetry needed for a 3σ observation at the given luminosity, L=(50 fb−1,
100 fb−1, 300 fb−1), assuming squarks were produced via the channels shown in rows 3
and 4 of Tab. 2. Momentum smearing for both the leptons and quarks was studied and
found to have a negligible effect. All other relevant experimental details are mentioned in
the text.
5.1 Experimental factors without momentum reconstruction
Out of the experimental factors mentioned above, only the cuts affect the result for
the triple product correlation measured in the laboratory frame. These cuts reduce
the number of detectable events by ≈ 50% and consequently significantly increase
the luminosity required to make a statistically significant measurement at the LHC,
see Fig. 9. For example if large phases are present we may begin to see hints with
integrated luminosity L = 50 fb−1. With L = 300 fb−1 we could become sensitive
to phases in the ranges 0.15 π . φ1 . 0.9 π and 1.1 π . φ1 . 1.85 π where the
asymmetry |AT | > 0.7%.
For the calculation of the asymmetry we included the production channels shown
in rows 3 and 4 of Table 2 taking into account the decays of individual q˜L and q˜
∗
L as
listed in Eq (2.2). No explicit hadronisation was included but momentum smearing is
expected to simulate some of this effect. We also need to include additional hard QCD
radiation and other detector effects (for example fakes) in a full experimental study.
Correct identification was assumed for the quark and two leptons. The backgrounds
in the study are those from q˜∗L and Eq. (4.4).
It must be noted however, that significant pollution due to backgrounds will
be expected for this signal from both the Standard Model and the MSSM. Further
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experimental cuts will certainly be required to improve the signal/background ratio
and without a more detailed study it is hard to predict what effect this will have on
the ability to complete this measurement at the LHC, especially as the asymmetries
are rather small. However, a more detailed experimental analysis is beyond the scope
of the present paper [48].
5.2 Experimental factors with momentum reconstruction
When we perform the momentum reconstruction we need to include the experimen-
tal precision on the momentum of the visible particles. This resolution is ∼ 3%
for leptons and follows Eq. (5.6) for jets. The corresponding effect on momentum
reconstruction is a reduction in the number of events that have the same sign triple
product. As stated in Sec. 4.4 we discard any events where we have solutions with
opposite sign triple products. Discarding these events reduces the percentage we can
use from ∼ 60% without momentum smearing down to ∼ 30% when we include it.
The other difficulty momentum smearing creates is that all the reconstructed
solutions can now have the wrong sign triple product as we no longer correctly
reproduce the rest frame of the neutralino χ˜02. Inevitably this effect produces a
decrease in the observed asymmetry from ∼ 11% to ∼ 8%.
We again include the cuts on all visible particles in our decay chain given by
Eqs. (5.1)-(5.5). These cuts significantly reduce the number of visible events and
remove ∼ 80% of the events compared with our initial na¨ıve estimates. When we
combine the cuts with the momentum reconstruction efficiency we are left with ∼ 6%
of the initial events and this clearly increases the luminosity needed to make an
observation statistically significant. After inclusion of these effects the number of
events drops from 20000 down to 1200 at the integrated luminosity of L = 100 fb−1.
This results in a 1σ absolute uncertainty of order ∼ 3% on the asymmetry, according
to Eq. (4.6).
Another possible experimental aspect we investigate is a 10% uncertainty on the
masses of the supersymmetric particles used in the momentum reconstruction. We
found that this has a negligible effect on the momentum reconstruction as long as the
mass differences between different particles in the decay chain are known better than
O(5 GeV). The assumption that the mass differences are known to a higher accuracy
is reasonable as the main method of measuring masses in SUSY decay chains at the
LHC will be via kinematic end points that are measured with high precision.
Figure 10 shows the asymmetry and the luminosity required at the LHC to
see a statistically significant result at the 3σ level at the LHC once all the above
factors have been taken into account. The production channels are q˜Lg˜, q˜
∗
Lg˜ and
the branching ratios are included from both the q˜L and g˜ decay chains. No explicit
hadronisation effects were included here and possible additional hard jets in the final
state require further study. Also correct identification was assumed for all the leptons
and quarks in both decay chains as explained in Sec. 4.4 and Sec. 3.4. Again the
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Figure 10: The asymmetry AT , Eq. (2.5), in the reconstructed q˜L frame for q˜Lg˜, q˜∗Lg˜ pro-
duction followed by the decay chains shown in Eq. (2.2) and Eq (3.1) with cuts Eqs. (5.1)-
(5.5). The coloured lines show the size of the asymmetry needed for a 3σ observation at the
given luminosity, L=(50 fb−1, 100 fb−1, 300 fb−1). The momenta of the final state particles
have been smeared according to Eq. (5.6)-(5.8) to replicate the LHC detector effects. All
other relevant experimental details are mentioned in the text.
only backgrounds included in the study are those of q˜∗Lg˜ production and of taus that
decay to visible leptons, Eq. (4.4).
We can see that using this method, with integrated luminosity L ∼ 100 fb−1 we
start to become sensitive if large phases happen to be present. After L ∼ 300 fb−1 we
expect to have sensitivity to phases in the ranges 0.2 π . φ1 . 0.85 π and 1.15 π .
φ1 . 1.8 π, and obviously more luminosity will improve this further.
Note that a direct comparison between the methods with and without momentum
reconstruction based on the above plots should not be performed. The backgrounds
from both SM and MSSM will be more severe when we do not perform momentum
reconstruction and clearly many new cuts will be required to isolate the signal, which
is the consequence of being totally inclusive. For the method when we perform
momentum reconstruction, we have a well defined final state that is difficult to
be faked by Standard Model processes and is also uncommon for SUSY cascade
decays. Moreover the multiple cuts on all the particles and the need for the missing
momentum to be successfully reconstructed mean that many backgrounds will be
rejected.
5.3 Ongoing work
A new approach in the future study [48] is to use matrix element weighting for
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each of the multiple solutions. This would significantly increase the number of ac-
cepted events and possibly increase the statistical significance of the result as we
had observed that some of the “wrong” solutions obey rather unlikely kinematic
configurations. However, the validity of this method needs further study.
The other possible improvement is the application of the cuts on anti-squarks. In
the associated production, Eq. (2.1), anti-squarks come always from the sea quarks,
whereas squarks can originate both from the sea quarks and the valence quarks.
Therefore one can expect some difference in their distributions. This would give a
handle to cut out one of our most severe backgrounds. Preliminary studies showed
that indeed this selection criteria can turn out to be useful depending on the actual
scenario and the collected luminosity.
It is clear that to fully understand if these measurements are possible at the
LHC a detector simulation including backgrounds will be required. This study has
to include the combinatorial issues that may be encountered with both the final state
leptons and the jets. In addition, the impact of particle reconstruction inefficiencies,
falsely identified particles (“fakes”), different detector acceptance for different par-
ticle species and other experimental considerations need to be considered. Such an
analysis is in the line of future work.
Further improvements in measuring the CP-violating phase φ1 would require the
inclusion of more observables sensitive to the phase, like lepton opening angle or
lepton angular distribution [31]. Nevertheless, in order to determine the phase in a
precise and rather model-independent way, experimental input from the clean and
unbiased measurements at a future linear collider [32, 57, 36] is required in addition
to the LHC.
6. Conclusions
In this paper we have investigated the problem of discovering CP-violating effects at
the Large Hadron Collider. Our tool in this analysis was the triple product correlation
of momenta of the quark and the lepton pair from the χ˜02 decay. This kind of T-odd
observables can give us a handle to discover the presence of complex phases in the
model. We took into account the full production and decay process of squark and
gluino. Since triple products depend crucially on spin correlations, they have been
included both in the analytical calculation and the event generation, that has been
performed using Herwig++ 2.3.2. The process of special interest in our case was
the squark decay into quark and neutralino χ˜02 followed by the three-body leptonic
neutralino decay. For this decay in our scenario one can expect an asymmetry in
the triple product distribution of up to 14% when calculated in the rest frame of the
decaying neutralino. The source of the CP violation in our case was the phase of the
bino mass parameter M1.
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Due to the hadronic experimental environment of the LHC, precise measurements
will be a challenge both from experimental and theoretical point of view. Therefore
we have considered two possible methods of measuring CP-violating effects in the
neutralino decay. The first method calculates the triple product in the laboratory
frame. It turns out however that the initial CP-odd asymmetry is diluted both by
high boosts of produced particles and by the admixture of anti-squarks. This makes
its observation far more difficult but can give us hints of CP violation after basic
selection cuts in our example.
As mentioned before the largest effects of CP violation can be expected in the rest
frame of the decaying neutralino. We studied the use of momentum reconstruction
of invisible LSPs and neutrinos to get access to the rest frame of the neutralino
χ˜02. Using a set of invariant kinematic conditions we showed that it is possible to
fully reconstruct the production and decay process on an event-by-event basis. The
important result here is the possibility of reconstruction in the case of three-body
decays and escaping neutrinos.
Having fully reconstructed events we are able to boost particle momenta back
to the rest frame of the neutralino χ˜02 and the asymmetry becomes as large as 10%.
Again, we include experimental event selection criteria as well as momentum smear-
ing to account for finite detector resolution. We also consider the most severe back-
ground due to anti-squarks and we showed that the signal contamination from neu-
tralino decays to leptonically decaying tau pairs does not pose a problem for our
measurement.
Applying momentum reconstruction and taking into account the experimental
effects we have found that the CP-odd asymmetry drops down to 8%. To avoid
ambiguities and due to experimental constraints many events have to be discarded,
nevertheless the left-over sample is enough to probe CP-violation effects. One should
see a 3σ effect at L = 300 fb−1 and we expect sensitivity to the phase in the range
0.2 π . φ1 . 0.85 π. We emphasise that the asymmetry after momentum reconstruc-
tion is a much cleaner observable from a theoretical point of view, thanks to a well
defined final state. Therefore, using the above technique there are good prospects
for the observation or exclusion of CP-violating effects for a wide range of the phase
φ1 after a few years of LHC running at the high luminosity. The full assessment of
LHC’s ability to resolve CP violation in the MSSM will definitely require a realistic
simulation of detector effects, SM and SUSY backgrounds. That issue is beyond the
scope of the present phenomenological analysis and therefore we leave this question
for future study.
The momentum reconstruction procedure turns out to be extremely useful method
for studying new physics models at the LHC, as we have shown in this paper. Nev-
ertheless, in order to reveal the underlying model, including CP-violating phases, a
more precise machine, like an e+e− linear collider, will be required.
– 30 –
Acknowledgements
The authors wish to thank Philip Bechtle, Bjo¨rn Gosdzik, Bob McElrath and Filip
Moortgat for valuable discussions. We also are grateful to David Grellscheid and
Peter Richardson for their assistance in the use of Herwig++. KR is supported
by the EU Network MRTN-CT-2006-035505 “Tools and Precision Calculations for
Physics Discoveries at Colliders” (HEPTools). JT is supported by the UK Science
and Technology Facilities Council (STFC).
– 31 –
Appendices
A. Interaction Lagrangian and neutralino mixing
Neglecting the mixing effects in the slepton sector, the interaction Lagrangian terms
for χ˜02 decay are
LZ0ℓ+ℓ− = − g
cos θW
Zµℓ¯γ
µ[LℓPL +RℓPR]ℓ , (A.1)
LZ0χ˜0mχ˜0n =
g
2 cos θW
Zµ ¯˜χ
0
mγ
µ[OLmnPL +O
R
mnPR]χ˜
0
n , (A.2)
Lℓℓ˜χ˜0
k
= gf ℓLk ℓ¯ PR χ˜
0
k ℓ˜L + gf
ℓ
Rk ℓ¯ PL χ˜
0
k ℓ˜R + h.c. , (A.3)
where PL,R =
1
2
(1 ∓ γ5), g = e/ sin θW and θW is the weak mixing angle. The
couplings are given by
f ℓLk =
1√
2
(tan θWNk1 +Nk2) , (A.4)
f ℓRk = −
√
2 tan θWN
∗
k1 , (A.5)
OLmn = Nm4N
∗
n4 −Nm3N∗n3 , (A.6)
ORmn = −OL∗mn , (A.7)
Lℓ = −1
2
+ sin2 θW , (A.8)
Rℓ = sin
2 θW , (A.9)
where N is the neutralino mixing matrix defined by Eq. (A.13).
The interaction Lagrangian for q˜L decay is
Lqq˜χ˜0
k
= gf qLk q¯ PR χ˜
0
k q˜L + h.c., (A.10)
with
f qLk =
1
3
√
2
(−T3q tan θWNk1 + 3Nk2) , (A.11)
where T3q is a weak isospin of a squark and we have neglected small Yukawa couplings
for the first two generations of squarks and mixing between left and right squark
states.
The complex symmetric neutralino mass matrixMN is given in the basis (B˜, W˜ 3, H˜01 , H˜02 )
by:
MN =


M1 0 −mZcβsW mZsβsW
0 M2 mZcβcW −mZsβcW
−mZcβsW mZcβcW 0 −µ
mZsβsW −mZsβcW −µ 0

 , (A.12)
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where the abbreviations sW = sin θW , cW = cos θW , sβ = sin β, cβ = cos β have been
used and tan β = v2/v1 is the ratio of the vacuum expectation values of the Higgs
fields. It is diagonalised by the unitary 4× 4 matrix N
diag(mχ˜01, mχ˜02 , mχ˜03 , mχ˜04) = N
∗MNN † , (mχ˜01 < mχ˜02 < mχ˜03 < mχ˜04) (A.13)
giving 4 non-negative Majorana neutralino mass eigenstates. The masses in Eq. (A.13)
can be chosen real and positive by a suitable definition of the unitary matrix N . For
convenience, in the following we use the notation: mi ≡ mχ˜0i .
B. Amplitude squared including full spin correlations
B.1 Neutralino production q˜L → χ˜0jq
The analytic expression for the production density matrix can be decomposed as
|M(q˜L → χ˜0jq)|2 = P (χ˜0jq) + ΣaP (χ˜0j) , (B.1)
whose spin-independent contribution reads
P (χ˜0jq) =
g2
2
|f qLj|2(pqpχ˜0j ) , (B.2)
where pq and pχ˜0j denote the four-momenta of the quark q and the neutralino χ˜
0
j .
The spin-dependent contributions is T-even and given by
ΣaP (χ˜
0
j ) = −
g2
2
|f qLj|2mj(pqsa(χ˜0j)) , (B.3)
where sa(χ˜0j) denotes the spin-basis vector of the neutralino χ˜
0
j . The three spin-basis
four-vectors s1, s2 and s3 form a right-handed system and provide, together with the
momentum, an orthogonal basis system. They are chosen as:
s1(χ˜0j) =
(
0,
(~pχ˜0j × ~pq˜L)× ~pχ˜0j
|(~pχ˜0j × ~pq˜L)× ~pχ˜0j |
)
, (B.4)
s2(χ˜0j) =
(
0,
~pχ˜0j × ~pq˜L
|~pχ˜0j × ~pq˜L|
)
, (B.5)
s3(χ˜0j) =
1
mj
(
|~pχ˜0j |,
Eχ˜0j
|~pχ˜0j |
~pχ˜0j
)
. (B.6)
For a more detailed discussion see [14].
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B.2 Neutralino three-body decay χ˜0j → χ˜0kℓ+ℓ−
Here we give the analytical expressions for the different contributions to the decay
density matrix for the three-body leptonic neutralino decay, where we sum over the
spins of the final-state particles [43]. The contributions independent of the polarisa-
tion of the neutralino χ˜0j
D(χ˜0j) = D(ZZ) +D(Zℓ˜L) +D(Zℓ˜R) +D(ℓ˜Lℓ˜L) +D(ℓ˜Rℓ˜R) , (B.7)
are given by
D(ZZ) = 8
g4
cos4 θW
|∆(Z)|2(L2ℓ +R2ℓ)
×
[
|OLkj|2(g1 + g2) + (ReOLkj)2 − (ImOLkj)2)g3
]
, (B.8)
D(Zℓ˜L) = 4
g4
cos2 θW
LℓRe
{
∆(Z)
[
f ℓLjf
ℓ∗
Lk∆
∗
t (ℓ˜L)(2O
L
kjg1 +O
L∗
kj g3)
+ f ℓ∗Ljf
ℓ
Lk∆
∗
u(ℓ˜L)(2O
L∗
kj g2 +O
L
kjg3)
]}
, (B.9)
D(ℓ˜Lℓ˜L) = 2g
4
[
|f ℓLj|2|f ℓLk|2(|∆t(ℓ˜L)|2g1 + |∆u(ℓ˜L)|2g2)
+ Re {(f ℓ∗Lj)2(f ℓLk)2∆t(ℓ˜L)∆∗u(ℓ˜L)}g3
]
, (B.10)
where ∆(Z) and ∆t,u(ℓ˜L) denote the propagators of the virtual particles in the direct
channel and in both crossed channels (labelled t, u, cf. Fig. 2). The quantities D(Zℓ˜R)
and D(ℓ˜Rℓ˜R) can be derived from Eqs. (B.9) and (B.10) by the substitutions
Lℓ → Rℓ , ∆t,u(ℓ˜L)→ ∆t,u(ℓ˜R) , OLkj → ORkj , f ℓLj,k → f ℓRj,k . (B.11)
The kinematic factors are
g1 = (pχ˜0
k
pℓ−)(pχ˜0jpℓ+) , (B.12)
g2 = (pχ˜0
k
pℓ+)(pχ˜0jpℓ−) , (B.13)
g3 = mjmk(pℓ−pℓ+) . (B.14)
We can split the terms depending on the polarisation of the neutralino into T-even
and T-odd contributions:
ΣaD(χ˜
0
j ) = Σ
a,E
D (χ˜
0
j) + Σ
a,O
D (χ˜
0
j) . (B.15)
The T-even contributions depending on the polarisation of the decaying neutralino
χ˜0j
Σa,ED (χ˜
0
j) = Σ
a,E
D (ZZ) + Σ
a,E
D (Zℓ˜L) + Σ
a,E
D (Zℓ˜R) + Σ
a,E
D (ℓ˜Lℓ˜L) + Σ
a,E
D (ℓ˜Rℓ˜R) (B.16)
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are
Σa,ED (ZZ) = 8
g4
cos4 θW
|∆(Z)|2(R2ℓ − L2ℓ)
×
[
− [(Re OLkj)2 − (Im OLkj)2]ga3 + |OLkj|2(ga1 − ga2)
]
, (B.17)
Σa,ED (Zℓ˜L) =
4g4
cos2 θW
LℓRe
{
∆(Z)
[
f ℓLjf
ℓ∗
Lk∆
∗
t (ℓ˜L)(− 2OLkjga1 +OL∗kj ga3)
+ f ℓ∗Ljf
ℓ
Lk∆
∗
u(ℓ˜L)(2O
L∗
kj g
a
2 +O
L
kjg
a
3)
]}
, (B.18)
Σa,ED (ℓ˜Lℓ˜L) = 2g
4
[
|f ℓLj|2|f ℓLk|2[|∆u(ℓ˜L)|2ga2 − |∆t(ℓ˜L)|2ga1 ]
+ Re {(f ℓ∗Lj)2(f ℓLk)2∆t(ℓ˜L)∆∗u(ℓ˜L)ga3}
]
, (B.19)
where the contributions Σa,ED (Zℓ˜R) and Σ
a,E
D (ℓ˜Rℓ˜R) are derived from Eqs. (B.18) and
(B.19) by applying the substitutions given by Eq. (B.11) and in addition ga1,2,3 →
−ga1,2,3. The kinematic factors are
ga1 = mj(pχ˜0kpℓ−)(pℓ+s
a) , (B.20)
ga2 = mj(pχ˜0kpℓ+)(pℓ−s
a) , (B.21)
ga3 = mk[(pχ˜0jpℓ+)(pℓ−s
a)− (pχ˜0jpℓ−)(pℓ+sa)] . (B.22)
The T-odd contributions depending on the polarisation of the decaying neu-
tralino χ˜0j
Σa,OD (χ˜
0
j) = Σ
a,O
D (ZZ) + Σ
a,O
D (Zℓ˜L) + Σ
a,O
D (Zℓ˜R) + Σ
a,O
D (ℓ˜Lℓ˜L) + Σ
a,O
D (ℓ˜Rℓ˜R) (B.23)
are
Σa,OD (ZZ) = 8
g4
cos4 θW
|∆(Z)|2(L2ℓ − R2ℓ )
[
2Re (OLkj) Im (O
L
kj)ig
a
4
]
, (B.24)
Σa,OD (Zℓ˜L) =
4g4
cos2 θW
LℓRe
{
∆(Z)
[
− f ℓLjf ℓ∗LkOL∗kj∆∗t (ℓ˜L)
+ f ℓ∗Ljf
ℓ
LkO
L
kj∆
∗
u(ℓ˜L)
]
ga4
}
, (B.25)
Σa,OD (ℓ˜Lℓ˜L) = 2g
4Re
{
(f ℓ∗Lj)
2(f ℓLk)
2∆t(ℓ˜L)∆
∗
u(ℓ˜L)g
a
4
}
, (B.26)
where the contributions Σa,OD (Zℓ˜R) and Σ
a,O
D (ℓ˜Rℓ˜R) are derived from Eqs. (B.18) and
(B.19) by applying the substitutions given by Eq. (B.11). The kinematic factor is
ga4 = imkǫµνρσs
aµpνχ˜0j
pρℓ−p
σ
ℓ+ . (B.27)
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C. Kinematics
C.1 Phase space
The complete cross section for the process can be decomposed into the production
cross section and the branching ratios of the subsequent decays:
dσtot = dσ(qg → q˜Lg˜) · Eq˜L
mq˜LΓq˜L
dΓ(q˜L → qχ˜02) ·
Eχ˜02
m2Γχ˜02
dΓ(χ˜02 → χ˜01ℓ+ℓ−) ,(C.1)
where the factors E/mΓ come from the use of the narrow-width approximation for
the propagators of the q˜L and χ˜
0
2. This approximation is valid for (Γ/m)
2 ≪ 1, which
is satisfied for Γq˜L ∼ 4.7 GeV and for Γχ˜02 ∼ 3× 10−5 GeV where the width is small
because only the three-body decay is kinematically possible.
We have:
dΓ(q˜L → qχ˜02) =
2
Eq˜L
P (χ˜02q) dΦq˜ , (C.2)
dΓ(χ˜02 → χ˜01ℓ+ℓ−) =
1
4Eχ˜02
D(χ˜02) dΦχ˜02 , (C.3)
where the phase-space factors in the laboratory system are given by:
dΦq˜ =
1
(2π)2
Eq
2||~pq˜| cos θq˜ −Eχ˜02 − Eq|
dΩq˜ , (C.4)
dΦχ˜02 =
1
8(2π)5
Eℓ+
||~pχ˜02| cos θℓ+ − Eχ˜01 −Eℓ+ − Eℓ− cosα|
Eℓ−dEℓ−dΩℓ+dΩℓ− ,(C.5)
where α is the opening angle between the two final state leptons.
C.2 Integration limits
When evaluating the phase-space integral at the parton level, kinematical limits
need to be determined on the integration variables and these are listed below. The
three-body decay phase space of the χ˜02 has the following limits:
Eℓ− <
m22 −m21
2(Eχ˜02 − |~pχ˜02|)
, (C.6)
cos θℓ− <
2Eχ˜02Eℓ− +m
2
1 −m22
2Eℓ−|~pχ˜02|
. (C.7)
For a more detailed discussion see [14].
References
[1] Y. A. Golfand and E. P. Likhtman, Extension of the Algebra of Poincare Group
Generators and Violation of p Invariance, JETP Lett. 13 (1971) 323–326.
– 36 –
[2] J. Wess and B. Zumino, A Lagrangian Model Invariant Under Supergauge
Transformations, Phys. Lett. B49 (1974) 52.
[3] J. Wess and B. Zumino, Supergauge Transformations in Four-Dimensions, Nucl.
Phys. B70 (1974) 39–50.
[4] O. Buchmueller et. al., Predictions for Supersymmetric Particle Masses in the
CMSSM using Indirect Experimental and Cosmological Constraints, JHEP 09 (2008)
117, [arXiv:0808.4128].
[5] O. Buchmueller et. al., Likelihood Functions for Supersymmetric Observables in
Frequentist Analyses of the CMSSM and NUHM1, arXiv:0907.5568.
[6] P. Bechtle, K. Desch, M. Uhlenbrock, and P. Wienemann, Constraining SUSY
models with Fittino using measurements before, with and beyond the LHC,
arXiv:0907.2589.
[7] A. G. Cohen, D. B. Kaplan, and A. E. Nelson, Progress in electroweak baryogenesis,
Ann. Rev. Nucl. Part. Sci. 43 (1993) 27–70, [hep-ph/9302210].
[8] M. B. Gavela, P. Hernandez, J. Orloff, O. Pene, and C. Quimbay, Standard model
CP violation and baryon asymmetry. Part 2: Finite temperature, Nucl. Phys. B430
(1994) 382–426, [hep-ph/9406289].
[9] V. A. Rubakov and M. E. Shaposhnikov, Electroweak baryon number
non-conservation in the early universe and in high-energy collisions, Usp. Fiz. Nauk
166 (1996) 493–537, [hep-ph/9603208].
[10] H. P. Nilles, Supersymmetry, Supergravity and Particle Physics, Phys. Rept. 110
(1984) 1–162.
[11] H. E. Haber and G. L. Kane, The Search for Supersymmetry: Probing Physics
Beyond the Standard Model, Phys. Rept. 117 (1985) 75–263.
[12] S. P. Martin, A Supersymmetry Primer, hep-ph/9709356.
[13] T. Ibrahim and P. Nath, CP violation from standard model to strings, Rev. Mod.
Phys. 80 (2008) 577–631, [arXiv:0705.2008].
[14] J. Ellis, F. Moortgat, G. Moortgat-Pick, J. M. Smillie, and J. Tattersall,
Measurement of CP Violation in Stop Cascade Decays at the LHC, Eur. Phys. J.
C60 (2009) 633–651, [arXiv:0809.1607].
[15] J. R. Ellis, J. S. Lee, and A. Pilaftsis, Electric Dipole Moments in the MSSM
Reloaded, JHEP 10 (2008) 049, [arXiv:0808.1819].
[16] Y. Kizukuri and N. Oshimo, The Neutron and electron electric dipole moments in
supersymmetric theories, Phys. Rev. D46 (1992) 3025–3033.
– 37 –
[17] T. Ibrahim and P. Nath, The neutron and the lepton EDMs in MSSM, large CP
violating phases, and the cancellation mechanism, Phys. Rev. D58 (1998) 111301,
[hep-ph/9807501].
[18] T. Ibrahim and P. Nath, Large CP phases and the cancellation mechanism in EDMs
in SUSY, string and brane models, Phys. Rev. D61 (2000) 093004,
[hep-ph/9910553].
[19] M. Brhlik, G. J. Good, and G. L. Kane, Electric dipole moments do not require the
CP-violating phases of supersymmetry to be small, Phys. Rev. D59 (1999) 115004,
[hep-ph/9810457].
[20] S. Abel, S. Khalil, and O. Lebedev, EDM constraints in supersymmetric theories,
Nucl. Phys. B606 (2001) 151–182, [hep-ph/0103320].
[21] R. L. Arnowitt, B. Dutta, and Y. Santoso, SUSY phases, the electron electric dipole
moment and the muon magnetic moment, Phys. Rev. D64 (2001) 113010,
[hep-ph/0106089].
[22] J. S. Lee et. al., CPsuperH: A computational tool for Higgs phenomenology in the
minimal supersymmetric standard model with explicit CP violation, Comput. Phys.
Commun. 156 (2004) 283–317, [hep-ph/0307377].
[23] J. S. Lee, M. Carena, J. Ellis, A. Pilaftsis, and C. E. M. Wagner, CPsuperH2.0: an
Improved Computational Tool for Higgs Phenomenology in the MSSM with Explicit
CP Violation, Comput. Phys. Commun. 180 (2009) 312–331, [arXiv:0712.2360].
[24] O. Kittel, SUSY CP phases and asymmetries at colliders, arXiv:0904.3241.
[25] S. Hesselbach, CP Violation in SUSY Particle Production and Decay,
arXiv:0709.2679.
[26] S. Kraml, CP violation in SUSY, arXiv:0710.5117.
[27] P. Langacker, G. Paz, L.-T. Wang, and I. Yavin, A T-odd observable sensitive to CP
violating phases in squark decay, JHEP 07 (2007) 055, [hep-ph/0702068].
[28] F. Deppisch and O. Kittel, Probing SUSY CP Violation in Two-Body Stop Decays at
the LHC, arXiv:0905.3088.
[29] J. A. Aguilar-Saavedra, CP violation in selectron cascade decays selectron(L) to e
neutralino(2) to e neutralino(1) mu+ mu-, Phys. Lett. B596 (2004) 247–255,
[hep-ph/0403243].
[30] J. A. Aguilar-Saavedra, Study of selectron properties in the selectron selectron to e-
neutralino(1) e- neutralino(2) decay channel, hep-ph/0312140.
[31] S. Y. Choi, B. C. Chung, J. Kalinowski, Y. G. Kim, and K. Rolbiecki, Analysis of
the neutralino system in three-body leptonic decays of neutralinos, Eur. Phys. J. C46
(2006) 511–520, [hep-ph/0504122].
– 38 –
[32] A. Bartl, H. Fraas, S. Hesselbach, K. Hohenwarter-Sodek, and G. A. Moortgat-Pick,
A T-odd asymmetry in neutralino production and decay, JHEP 08 (2004) 038,
[hep-ph/0406190].
[33] D. Atwood, S. Bar-Shalom, G. Eilam, and A. Soni, CP violation in top physics,
Phys. Rept. 347 (2001) 1–222, [hep-ph/0006032].
[34] A. Bartl, T. Kernreiter, and W. Porod, A CP sensitive asymmetry in the three-body
decay stau(1) → b sneutrino/tau tau+, Phys. Lett. B538 (2002) 59–65,
[hep-ph/0202198].
[35] A. Bartl, H. Fraas, T. Kernreiter, and O. Kittel, T-odd correlations in the decay of
scalar fermions, Eur. Phys. J. C33 (2004) 433–442, [hep-ph/0306304].
[36] A. Bartl et. al., CP asymmetries in chargino production and decay: The three-body
decay case, Eur. Phys. J. C51 (2007) 149–161, [hep-ph/0608065].
[37] M. M. Nojiri, G. Polesello, and D. R. Tovey, Proposal for a new reconstruction
technique for SUSY processes at the LHC, hep-ph/0312317.
[38] M. M. Nojiri, G. Polesello, and D. R. Tovey, A hybrid method for determining SUSY
particle masses at the LHC with fully identified cascade decays, JHEP 05 (2008) 014,
[arXiv:0712.2718].
[39] H.-C. Cheng, D. Engelhardt, J. F. Gunion, Z. Han, and B. McElrath, Accurate Mass
Determinations in Decay Chains with Missing Energy, Phys. Rev. Lett. 100 (2008)
252001, [arXiv:0802.4290].
[40] H.-C. Cheng, J. F. Gunion, Z. Han, and B. McElrath, Accurate Mass
Determinations in Decay Chains with Missing Energy: II, arXiv:0905.1344.
[41] M. Bahr et. al., Herwig++ Physics and Manual, arXiv:0803.0883.
[42] M. Bahr et. al., Herwig++ 2.2 Release Note, arXiv:0804.3053.
[43] G. A. Moortgat-Pick, H. Fraas, A. Bartl, and W. Majerotto, Polarization and spin
effects in neutralino production and decay, Eur. Phys. J. C9 (1999) 521–534,
[hep-ph/9903220].
[44] H. E. Haber, Spin formalism and applications to new physics searches,
hep-ph/9405376.
[45] H.-C. Cheng, J. F. Gunion, Z. Han, G. Marandella, and B. McElrath, Mass
Determination in SUSY-like Events with Missing Energy, JHEP 12 (2007) 076,
[arXiv:0707.0030].
[46] K. Kawagoe, M. M. Nojiri, and G. Polesello, A new SUSY mass reconstruction
method at the CERN LHC, Phys. Rev. D71 (2005) 035008, [hep-ph/0410160].
– 39 –
[47] ATLAS Collaboration, ATLAS detector and physics performance. Technical design
report. Vol. 2, . CERN-LHCC-99-15.
[48] P. Bechtle, B. Gosdzik, G. Moortgat-Pick, K. Rolbiecki, J. Tattersall, and
P. Wienemann.
[49] W. Porod, SPheno, a program for calculating supersymmetric spectra, SUSY particle
decays and SUSY particle production at e+ e- colliders, Comput. Phys. Commun.
153 (2003) 275–315, [hep-ph/0301101].
[50] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt, Update of Parton
Distributions at NNLO, Phys. Lett. B652 (2007) 292–299, [arXiv:0706.0459].
[51] LHC/LC Study Group Collaboration, G. Weiglein et. al., Physics interplay of the
LHC and the ILC, Phys. Rept. 426 (2006) 47–358, [hep-ph/0410364].
[52] W. S. Cho, K. Choi, Y. G. Kim, and C. B. Park, Gluino Stransverse Mass, Phys.
Rev. Lett. 100 (2008) 171801, [arXiv:0709.0288].
[53] N. Kersting, A Simple Mass Reconstruction Technique for SUSY particles at the
LHC, Phys. Rev. D79 (2009) 095018, [arXiv:0901.2765].
[54] Z. Kang, N. Kersting, S. Kraml, A. R. Raklev, and M. J. White, Neutralino
Reconstruction at the LHC from Decay-frame Kinematics, arXiv:0908.1550.
[55] K. Desch, J. Kalinowski, G. Moortgat-Pick, K. Rolbiecki, and W. J. Stirling,
Combined LHC / ILC analysis of a SUSY scenario with heavy sfermions, JHEP 12
(2006) 007, [hep-ph/0607104].
[56] ATLAS Collaboration, G. Aad et. al., The ATLAS Experiment at the CERN Large
Hadron Collider, JINST 3 (2008) S08003.
[57] A. Bartl et. al., CP-odd observables in neutralino production with transverse e+ and
e- beam polarization, JHEP 01 (2006) 170, [hep-ph/0510029].
– 40 –
